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ABSTRACT 
 
Concrete-filled-steel-tube (CFST) columns are becoming increasingly popular owing to the superior behaviour 
contributed by the composite action.  Previous experimental and theoretical studies have proved this composite 
action can be further improved by providing external confinement in the form of steel rings, tie bars, spirals or 
jackets.  A theoretical model developed by the authors previously based on (1) an accurate hoop strain equation; 
(2) an actively confined concrete model; (3) a three-dimensional steel model; (4) Interaction of core concrete, 
steel tube and external confinement was adopted in this study to conduct a parametric study, which was aimed at 
investigating the effects of material strengths, geometric properties and external confinement (steel jackets) on 
the uni-axial behaviour of CFST columns.  From the results in parametric study, it is shown that the maximum 
strength of CFST columns increases as the material strengths increase, or the diameter-to-thickness ratio of steel 
tube decreases.  Moreover, it is also concluded that adding external confinement is more effective in improving 
the uni-axial behaviour of CFST columns than solely increasing the wall thickness of steel tube. 
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INTRODUCTION  
 
Concrete-filled-steel-tube (CFST) column, which consists of a hollow-steel-tube column in-filled with concrete, 
is widely adopted in many structures nowadays attributed to the superior behaviour by the composite action.  In 
CFST columns, due to the supporting effect provided by the core concrete, the inward buckling of steel tube can 
be prevented, resulting in higher buckling resistance.  Moreover, the steel tube can act as both longitudinal and 
transverse reinforcement, which provides both axial resistance and confining stress.  The uniform confining 
stress can improve the strength and ductility of core concrete much more effectively than stirrups in traditional 
reinforced concrete columns.  Besides, it saves construction materials and shortens construction cycle time 
because the steel tube can serve as permanent formwork.  Despite the above advantages, during the initial elastic 
stage under compression, the confining stress may become negative (i.e. hoop compressive stress) due to the 
different dilation of steel tube and concrete [1].  This will reduce the strength, elastic stiffness and ductility of 
CFST columns [1, 2].  The confining stress will be activated only when the micro-cracking of concrete starts to 
form and the expansion of concrete exceeds that of steel tube.  On the other hand, degradation of confining 
stress, strength and ductility will occur beyond the elastic stage due to the inelastic outward buckling of steel 
tube. 
 
Previous experimental [1-5] and theoretical [6, 7] studies have proved that the deficiencies can be conquered 
and the potential of composite action can be fully utilized by providing various types of external confinement 
for circular CFST columns: rings [2, 3], ties [1], spirals [4] and steel jackets [5].  In confined circular CFST 
columns, attributable to the additional confining stress provided by additional confinement, the steel–concrete 
interface bonding has been improved and the inelastic outward buckling of steel tube has been prevented or at 
least delayed, resulting in superior uni-axial behaviour of CFST columns.  However, the effects of steel tube 
yield strength (Vsy), concrete cylinder compressive strength (fcc), steel ratio and external confinement on the uni-
axial behaviour of CFST columns were not clearly interpreted by the previous studies.  For better understanding, 
an accurate theoretical model proposed by the authors [6] based on (1) an accurate hoop strain equation; (2) an 
actively confined concrete model by Attard and Setunge [8]; (3) a comprehensive three-dimensional steel model 
by Generalized Hooke’s Law at the elastic stage and Prandtl-Reuss theory at the post-elastic stage; (4) 
Interaction of core concrete, steel tube and external confinement by free-body diagram was employed herein to 
perform a parametric study.  Based on the numerical results obtained from the parametric study in this paper, the 
effects of Vsy, fcc and external confinement have been investigated much more clearly and quantitatively.  
689
Besides, it is concluded that adding external confinement is more effective in improving the uni-axial behaviour 
of CFST columns than solely increasing the wall thickness of steel tube. 
 
THEORETICAL MODEL 
 
A theoretical model developed by the authors previously [6] was adopted to predict the uni-axial behaviour of 
the tested specimens in this paper.  The model was verified with a large database, which included 422 test results 
from the authors’ and other researchers’ previous studies.  Thus this model was proved to be accurate within a 
very wide range of different parameters: Vsy varied from 186 to 853 MPa; fcc varied from 15 to 125 MPa; The 
Do/t ratio was from 15.9 to 220.9.  This model also predicted the uni-axial behaviour of CFST columns with 
external confinement well, whilst the confinement schemes included rings, spirals, ties and steel jackets; the 
spacing of these confinement varied and the diameter of the confinement also varied within a wide range.  The 
model consists of four main components: (1) an accurate hoop strain equation; (2) Constitutive model of 
confined concrete modified from Attard and Setunge [8] actively confined concrete model; (3) Full range 
constitutive model of steel tube under complicated stress-state using generalized Hooke’s Law and Prandtl-
Reuss theory; (4) Interaction of steel jackets, steel tube and external confinement by free-body diagram.  Since 
the details of the proposed model have been introduced at the previous research [6], only key issues would 
present in this study. 
Sign Convention and Perfect Bond Assumption 
 
In this paper, compressive stress and strain are taken as positive; and vice versa.  The bonding between the 
concrete and steel tube is assumed to be intact and thus the following equations are given: 
 zszcz HHH      (1) 
 TTT HHH   sc  (2) 
where εcz and εsz are the axial strains of the concrete and steel tube; εcT and εsT are the hoop strains of the concrete 
and steel tube; εz and εT are the axial and hoop strains of the CFST column, respectively. 
Three Dimensional Stress-Strain Relationship of Steel Tube  
 
For the CFST columns with very thin-walled steel tube, it is believed that local buckling would occur before 
yielding of steel tube.  In this case, the following equation [9] is adopted to calculate the elastic buckling stress 
of steel tube, Vsy,b: 
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where Do and t are the outer diameter and thickness of steel tube, respectively; σsyc and σsyt are the yield stresses 
of steel tube compression test and steel tensile coupon test, respectively. 
The three-dimensional stress-strain relationship of steel tube can be evaluated by the hoop-axial strain 
relationships with the aid of Prandtl-Reuss theory.  In this study, to be conservative, no strain-hardening of steel 
tube is considered.  Therefore, the uni-axial stress-strain curve of steel-tube in compression can be assumed as 
linearly-elastic-perfectly-plastic.  In the initial elastic stage, according to generalized Hooke’s Law (in 
incremental form): 
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During the plastic stage, the famous Prandtl-Reuss equations are adopted: 
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For perfectly-plastic material: 
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where Vsz and Vsr refer to the axial and radial stresses of steel tube; K and G are bulk and shear moduli of steel 
tube; νs is the Poisson’s ratio of steel tube taken as 0.3 in this study; εsr refers to the radial strain of steel tube; ω 
is the hardening parameter; Sz, ST and Sr refer to the deviatoric stresses in axial, hoop and radial direction.  Lastly, 
i is the present stress or strain increment number.  The yield surface of steel tube is determined by Von Mises 
yield criterion: 
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The yield stress of steel tube σsy is equal to Vsy,b if the local buckling occurred before yielding of steel tube. 
The radial stress Vsr is equal to the total confining stress, fr: 
 rsr f V  (14) 
Thus, the three-dimensional stress-strain history of steel tube can be evaluated using Eqs. (3)-(14). 
 
The Constitutive Model of Confined Concrete  
 
The following equation [6]  is proposed to describe the relationship among εT, εz, fr and concrete cylinder 
strength fcc: 
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where LS is the parameter reflecting the effect of external confinement, from LS2 = 0.6466 for unconfined CFST 
columns to LS1 = 0.6650 for confined CFST columns with the centre-to-centre spacing of external confinement 
(S) equal to the width of external confinement; H is the total height of the specimen; m is the parameter 
considering the effect of concrete strength; εco is the strain corresponding to the unconfined peak concrete 
strength. 
 
The axial stress-strain relationship of confined concrete is given by Attard and Setunge [8], which has been 
proven to be applicable to a broad range of concrete strength from 20 to 130 MPa: 
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where fcc is the confined concrete stress; fccp and εcc are the confined peak concrete stress and the corresponding 
axial strain of concrete under a constant fr, respectively; A and B are parameters that govern the shape of the 
stress-strain curve . 
 
In order to maintain the consistency to authors’ previous research [1-3], fccp is defined as: 
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The Interaction amongst Concrete, Steel Tube and External Confinement  
 
In a confined CFST column, the core concrete is confined by steel tube and also external confinement (rings, 
spirals, ties, steel jackets and FRP wraps).  Thus, fr is equal to the sum of the confining stress from the steel tube 
(frS) and external confinement (frE): 
 rErSr fff   (24) 
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Firstly, for CFST columns confined by rings, spirals or steel jackets, the following formula for frE can be 
obtained from the free-body diagram [6]: 
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Secondly, for tie-confined CFST columns, frE can be obtained using the virtual work principle [6]: 
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where VsT is the hoop stress provided by the steel tube; n is the number of external confinement (pair of tie bars); 
VE refers to the stress provided by the external confinement; AssE is the cross-section area of external 
confinement (ring, spiral or steel jacket); εssE, EssE and VssE are the average hoop strain, elastic modulus and yield 
stress of external confinement, respectively. 
 
Axial Load against Axial Strain Curve of CFST Columns 
 
Multiplying the axial stress of the steel tube Vsz and core concrete fcc by the respective contact area, As and Ac, 
the axial load carried by the steel tube (Fs) and the axial load carried by confined concrete (Fc) can be obtained.  
In this study, to be consistent with the authors’ previous research [5, 6], the maximum axial strain adopted is 
1.5% (around average hardening strain of steel tube in the authors’ experiments).  Thus, As and Ac can be 
assumed to remain unchanged.  Then the total axial load of the CFST column, Ft can be calculated by using: 
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 sszs AF V  (29) 
 cccc AfF   (30) 
 sct FFF   (31) 
The generation of the axial load-strain curves of CFST columns requires an iterative process.  (1) A small 
increment of hoop strain dεsT is given (-0.5 PH in elastic stage and -5 PH beyond elastic stage), with which the 
total hoop strain of the next step 
1i
TH  can be renewed based on the total hoop strain of the current step iTH ; (2) 
The total axial strain of the next step 11
i
zH  is assumed and then Vsz, VsT, Vsr and fr can be determined; (3) With fr 
and 
1i
TH , another total axial strain 12izH  can be calculated.  If 11izH  and 12izH  is close enough (Error < 0.1%), 
1i
TH  and 11izH  converge.  If not, an iterative process based on secant method is performed starting from step 
(2); (4) Once the converged values of 
1i
TH  and 11izH are determined, fcc, Fc, Fs and Ft can be evaluated and a 
point on the axial load-strain curve is obtained; (5) Repeat Steps (1) to (4) to obtain the complete stress-strain 
curve until the total axial strain is larger than 1.5%, or when the load dropped to less than 85% of the maximum 
load (It is recommended that no more than 15% loss in strength is allowed to avoid abrupt failure of the column), 
whichever was earlier. 
 
PARAMETRIC STUDY 
 
A parametric study was conducted using the proposed model described earlier to investigate the effects of Vsy, 
fcc, Do/t ratio and external confinement on the uni-axial behaviour of CFST columns.  In the parametric study, Vsy 
was varied from 250 to 850 MPa and fcc was varied from 20 to 120 MPa to cover normal- and high-strength 
materials.  The range of Do/t ratios was extended, which varied from 10 to 200, covering very thin-walled to 
relatively thick-walled section.  External confinement in the form of steel jackets was assumed in the parametric 
study to investigate the effects of centre-to-centre spacing, cross-sectional area and yield stress of external 
confinement on the uni-axial behaviour of CFST columns.  The total height of the specimen (H) is three time of 
Do, with which, no slenderness effects should be considered.  The Young’s module of steel tube and steel jackets 
are set to 200 GPa. 
A naming system was established to identify each of the specimens in the parametric study.  The naming system 
for unconfined specimens consists of two alphabets and four numbers.  To illustrate, CN-30-250-300-4 
represents a CFST column (“C”) without any external confinement (“N”).  The in-filled concrete cylinder 
strength is 30 MPa (indicated by the first number after the alphabets, “30”).  The steel tube yield stress is 250 
MPa (indicated by the second number, “250”).  The outer diameter and thickness of steel tube are 300 mm 
(indicated by the third number, “300”) and 4 mm (indicated by the last number, “4”), respectively.  For confined 
specimens, CJ(30-2*12-250)-30-250-300-4 represents the specimen confined by steel jackets (“J”).  The 
numbers inside the parentheses are the number (“30”), thickness (“2”), width (“12”) and yield stress of 
confinement (“250”), respectively.  The numbers outside the parentheses are the same as the unconfined 
specimens. 
Axial Load against Axial Strain Curve of CFST Columns 
 
The differences between the maximum strength (Fmax) of CFST columns, which is the maximum strength before 
1.5% axial strain of the axial load-strain curves, and the nominal squash load of CFST columns Fo, defined as 
the sum of the load-carrying capacity of concrete and steel tube (in Eq. 32) with the same Do/t (300/7) ratio and 
fcc are plotted against Vsy in Fig 1.  It can be observed that the differences increase as Vsy increases provided that 
the Do/t ratio fulfils the slenderness limit in Eq. (3).  This is because as Vsy increases, the axial resistance and 
confining stress provided by the steel tube increase and thus enhancing Fmax. 
 ssycco AAfF V '  (32) 
The differences between Fmax and Fo of CFST columns with the same Do/t (300/7) ratio and Vsy are plotted 
against fcc in Fig 2.  With higher fcc, the differences increase.  However, it can be observed from Fig. 2 that the 
improvement of differences becomes smaller for higher strength concrete, which implies that to obtain the same 
amount of enhancement, higher strength concrete needs larger confining stress, i.e. larger Vsy or smaller Do/t. 
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Fig 1 Effects of steel yield strength   Fig 2 Effects of concrete strength 
 
Effects of Do/t ratio 
 
The normalized maximum strength of CFST columns with the same Vsy (250 MPa) and fcc (30 and 90 MPa) are 
plotted against Do/t ratio in Fig 3, in which Fmax is normalized with Fo.  It can be observed from this figure that 
the normalized strengths increase with decreasing of Do/t ratio.  This is attributed to the fact that at smaller Do/t 
ratio, the confining effect is larger, resulting in larger enhancement and vice versa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3 Effect of Do/t ratio on Fmax / Fo 
 
Effects of Adding External Confinement 
 
For the analysis in the following section, external confinement in the form of steel jackets is provided to 
enhance the strength and ductility of CFST columns with Vsy = 250 MPa, fcc = 60 MPa and Do/t ratio of 60. 
The normalized maximum strength (Fmax/Fo) of the confined CFST columns is plotted against n, AsE and VssE of 
steel jackets in Figs 4-6, in which n varied from 5 (S = 180, with steel jackets far away from each other) to 75 (S 
= 12, with continuous arrangement of steel jackets); AsE varied from 12 to 48 mm2 (range of the authors’ 
experimental studies) and VssE was from 250 to 450 MPa (covering mild steel to high yield steel bar in 
traditional reinforced concrete columns).  It can be observed from Figs 4-6 that Fmax/Fo increases as n, AsE and 
VssE of steel jackets increase or S decreases.  This is attributed to the fact that by increasing of n, AsE and VssE (or 
decreasing S), the steel jackets could provide larger and more uniform confining stress and hence improving the 
uni-axial strength of CFST columns, which is consistent with the authors’ previous research [3, 4]. 
 
 
 
 
 
 
 
 
 
Fig 4 Effects of steel jacket no.        Fig 5 Effect of steel jacket area      Fig 6 Effect of steel jacket yield strength 
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From the parametric study and the authors’ previous research, it can be also seen that the providing of steel 
jackets can also improve the ductility of CFST columns.  The uni-axial behaviour of specimen CN-60-250-300-
5 can be improved in two ways: (1) By adding steel jackets, CJ(35-3*12-250)-60-250-300-5; (2) By solely 
increasing the steel tube thickness, CN-60-250-300-6.72.  The comparison among these three specimens is 
shown in Fig 7.  It can be seen that these two methods provide similar enhancements in strength and ductility of 
specimen CN-60-250-300-5.  Compared CJ(35-3*12-250)-60-250-300-5 with CN-60-250-300-6.72, it can be 
found that the amount of materials required for steel jackets is 1187522 mm3 in volume whilst that required for 
increasing the thickness of steel tube is 1401959 mm3 (Compared with CN-60-250-300-5), which means the 
same level of ductility can be achieved by adding external confinement with 84.7% of material required for 
increasing the wall thickness.  Moreover, Fmax for CJ(35-3*12-250)-60-250-300-5 is 6348 kN and that for CN-
60-250-300-6.72 is 6270 kN.  From the above analysis, it can be concluded that adding external confinement is 
much more effective than increasing the wall thickness in strength and ductility improvements.  This is 
attributed to the fact that by increasing the wall thickness of steel tube could not increase the interface bonding 
between steel tube and core concrete: Under uni-axial load, the steel tube will dilate more than core concrete in 
the initial elastic stage because of the variations in Poisson’s ratios.  This imperfect interface bonding will have 
unfavourable effect on the composite action by reducing the confining stress provided by the steel tube, or even 
causing negative confining stress [9].  By adding external confinement, the interface bonding can be improved 
and will become positive confining stress if adequate amount of external confinement is provided.  Moreover, 
the steel tube will provide axial resistance and confining stress simultaneously, which may not be as effective as 
that of external confinement by providing lateral confining stress only. 
 
  
 
 
 
\ 
 
 
 
 
 
 
 
 
 
 
Fig 7 Effect of adding steel jackets    Fig 8 The ratio of Fcon to Fadd 
 
Fig 8 shows the ratio of Fcon to Fadd when the same level of ductility and axial strength improvement are 
achieved by adding external confinement or increasing the wall thickness of steel tube, in which Fcon and Fadd 
are the equivalent force provided by the external confinement and force provided by the steel tube with added 
area compared to original steel tube, respectively (See Eqs. 33-36). 
 'ssEssEcon AF V  (33) 
 addsyadd AF V  (34) 
 SDAA ossEssE S '  (35) 
 ssTadd AAA   (36) 
where 'ssEA , Aadd and AsT are the equivalent area of external confinement, added area of steel tube and area of 
steel tube by increasing the wall thickness, respectively.  From Fig 8, it can be concluded that the same level of 
ductility and axial strength improvement can be achieved by adding external confinement with 85% of material 
required for increasing the wall thickness of steel tube (or Fcon = 0.85 Fadd), which again proves that providing 
external confinement is more effective than by just adding the wall thickness of steel tube. 
 
CONCLUSIONS 
 
From this study, the following conclusions can be drawn: 
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The maximum strength of CFST columns increases as the yield strength of steel tube increases or the concrete 
cylinder strength increases, or the diameter-to-thickness ratio of steel tube decreases. 
The normalized strength of the confined CFST columns increases as the number, cross-sectional area and yield 
stress of steel jackets increase or spacing decreases. 
Adding external confinement is much more effective than solely increasing the steel tube thickness in strength 
and ductility enhancements of CFST columns since the same level of ductility and axial strength improvement 
can be achieved by adding external confinement with 85% of material required for increasing the wall thickness 
of steel tube. 
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